Abstract. A quickly realizable benefit of model-based drug development is in reducing uncertainty in risk/benefit, comprising individually of safety and effectiveness, two key attributes of a product evaluated for regulatory approval, marketing, and use. In this review, we investigate gaps and opportunities in using fundamental decision analytic principles in drug development and present a quantitative clinical pharmacology framework for the application of such aids for early clinical development decision making. We anticipate that implementation of such emerging tools will enable sufficient scientific understanding of the two attributes to facilitate the early termination of compounds with less than desirable risk/benefit profiles and continuance of compounds with acceptable risk/benefit profiles.
INTRODUCTION
The past decade has witnessed an unprecedented number of novel targets being investigated by the pharmaceutical industry and academic laboratories. This is evident by the rise in intellectual property applications as well as scientific publications and NIH grant funding statistics (1) . In addition to these changes, key regulatory initiatives such as the Critical Path to New Medicines in the US and Innovative Medicines Initiative in Europe have been developed to help promote innovation, increase efficiency in drug development cycle by enhanced biomarker use in early decision making, reduce late-stage attrition by increasing probability of success by better proof of concept studies; all a testament to the recognition that drug development has become more complex and novel strategic thinking will be needed for success (2) .
An important benefit arising from these key regulatory initiatives is in understanding better and reducing the uncertainty in a given attribute, whether that is efficacy or safety or importantly both. This new type of strategic thinking is direct result of the model-based thinking at the back of Sheiner's seminal hypothesis on learn-confirm cycle (3) as well as the interpretations of the FDAMA confirmatory evidence of effectiveness has been the cornerstone of the pharmaceutical industry's emergent efforts in delineating the effectiveness of new drug candidates.
One particular aspect that has the potential to be improved on is the manner in which selection and go/no-go decisions for new molecular entities (NMEs) are made relative to the target product profile during various phases of drug development. It is in the common interest of patients with unmet medical needs and pharmaceutical industries in search of innovative medicines to bring successful products to market quickly. Thus, the decision making at various stages of clinical development is critical. However, prior to the hypothesis of model-based drug development, this has largely been based on the individual or the organization's gestalt, a conventional decision-making process that is multidimensional, subjective, nonquantitative, and sometimes inconsistent, thus, leading to uncertainty in the effectiveness of the decisions made. Some prevalent practical challenges in decision making in a conventional paradigm continue today and include "Champion syndrome" or exuberant advocacy, inefficient consensus decision making, differential subjectivity, and lack of clarity on underlying assumptions in decisions made. Tools such as clinical utility analyses as a special case of multiattribute analysis are useful in simplifying multi-attribute data in a single quantitative metric for consistent decision making that can assimilate both subjective and objective data and provide a framework for open debate on assumptions.
In this review, we provide a brief overview of the early origins of clinical decisions and present a quantitative clinical pharmacology framework on the use of clinical multi-attribute utility (MAU) analysis as a decision aid during early to late stage clinical development.
CLINICAL DECISION ANALYSIS
Decision analysis in its most unadulterated form has long been in use in the delivery of medical care to patients, in determining the types of treatment, or when surgical choices are made (4-7). The more complex or challenging the The AAPS Journal, Vol. 11, No. 1, March 2009 ( # 2009) DOI: 10.1208/s12248-008-9074-z disease, the more risk the physician takes in delivering health care choices. Naturally, when such choices are made, a balance or weight of data (related to patient's disease state, health condition, and the impact on quality of life), understanding of the evidence of risk and the element of uncertainty (probability of success or failure of a given treatment choice based on prior outcomes) and probability of making the correct choice all come into play that a physician has to make for rendering an individual patient care. The riskier a treatment choice, likely reflective of the complexity of the underlying medical condition, the larger is the uncertainty associated with that treatment choice. Thus, it is not surprising that the most basic forms of decision making are still being practiced in surgical oncology and in certain incurable forms of infectious diseases. In recent times, however, we have seen increasing use of decision analysis by health care maintenance organizations that are primarily geared to assessment of cost-benefit and cost-effectiveness analysis (32) .
This approach to delivering health care has parallels in economics, defense strategies, and other unrelated fields and modern day decision analysis, while so seemingly complex, is a stochastic phenomenon that still hinges on certain common basic concepts described above. Modern day decision analysts have more advanced quantitative tools in their repertoire to analyze decision options and undertake methods to evaluate and ensure that such decisions are correctly executed.
Decision Analysis Concepts
The probability groundwork for modern day decision making originated from the work of Thomas Bayes (1763) and Pierre Simon de Laplace (1795) (8) . These concepts of subjective probability played a central role in shaping the utility hypothesis of John von Neumann and Oskar Morgenstern in 1944 (8) . A specific aspect of their work included concepts of preferences and weights, including a utility function, which provided an unambiguous way of making comparisons by considering probabilities. Probability-based utility functions could be added and multiplied by weighted preferences, and total utility could be calculated as a linear sum of the utility of individual attributes.
The utility concepts in the seminal work of von Neumann have particular relevance for drug development applications since his work was about a form of utility (decision) theory under uncertainty. Although, the Neumann-Morgenstern utility theories provided a theoretical framework for how the decisions can be made rationally under uncertainty, however, it does not capture the behavioral aspects of actual group decision making. Regardless of specific areas where such decisions are made, whether clinical, military, or technological decisions, they all share the common features that make the decision-making process challenging and complex (9) (10) (11) (12) (13) . While scenarios may differ, thresholds for uncertainty may vary, choice of alternatives may have varied consequences, all decisions exhibit a characteristically similar path to implementation. The significant advantage of adaptation of such analytics is strengthening and solidifying the decision-making process that leads to consistency in approach and reduction in subjectivity. There are a number of decision analytic modeling approaches that are available for clinical decisions. In this overview, utility concepts are specifically highlighted as the decision analytic approach.
Utility Concepts in Medicine
While the introduction of decision analysis in its earliest form can be traced to the early 1920s, the use of formal utility analysis can be traced back to the 1950s and 1960s. One of the early applications of decision analysis in its present day incarnation of the clinical utility index can be traced back to 1967 when Henschke and Flehinger (4) proposed a decision analytic framework based on utility functions for the surgical decision on prophylactic neck dissection. They argued that prophylactic neck dissection would yield benefit for patients only when the size of primary cancers exceed 2 cm. One important differentiating aspect of assessing utility in this example in particular, but oncology in general, from the other benefit/risk scenarios is the framing of preferences as "utility losses" with the goal of analyses being to minimize losses for the patient, since the patient has nothing to gain by having cancer. The authors concluded that Bayes' strategy, which results in the smallest expected utility loss when frequency for each state of nature was known, as is the case in most decisions in cancer management, was the optimal strategy. The optimal strategy was rightfully placed in between the pessimistic strategy of minimizing the maximal loss ("minimax") and the optimistic strategy of gambling on the most favorable possibility.
In their report, authors outline many of the common challenges they encountered in the cultural aspects of implementation that are reminiscent of modern day challenges, including but not limited to inadequacy of data to enable the decision analysis, lack of math-savvy practicing physicians to execute on the analysis, notion that common sense would arrive at the same conclusion as a complex decision analysis would, and that subjective human preferences were not suited to quantitative analysis. What is even more surprising and profoundly meaningful is that the authors proposed the simplified form of decision analysis to be included in the Physician's Desk Reference, to enable quick access for swift implementation. Although advances have been made to rationalize evidence-based medical care in recent years, it is important to note that, 40 some years later, we still have not been able to translate the value proposition of such simple but meaningful decision analysis output in the hands of clinicians practicing medicine or their corollary, to drug development scientists rationalizing the risk/benefit utility of new molecular entities.
MULTI-ATTRIBUTE UTILITY ANALYSIS
Multi-attribute utility (MAU) analysis models are tools that assist in group decision making by helping to evaluate complex alternatives and finding the best choice under uncertainty (14, 15) and have been in use in many industries. In this analysis, a utility function is constructed that helps convert a multidimensional attribute space into a singledimensional preference scale and allows an objective selection from the alternatives available. However, in a more pharmaceutical context, at the early stages of clinical development, an assessment of risk/benefit and compound selec-tion may depend upon the concept of "net utility," which is comprised primarily of the sum of efficacious and toxic effects as has been described by the pioneers in the field (16) and depicted in a conceptual schematic in Fig. 1 , constructed with a linear additive utility function using Eq. 1. However, in recent years, the complexity of novel targets has risen considerably, and to understand the complex longitudinal drugbiological-pathophysiological interactions, an increasing number of biomarkers are being utilized in development as early predictors for both efficacy and safety. This has led to availability of complex multidimensional quantitative data measured on multiple scales. Additionally, at the late stage in development, many other factors such as subjective clinical preferences, patient quality of life, cost of goods, and a variety of competitor information, etc., influence the decisionmaking process. Additionally, given the long drug development timeframe, the target product profile is often a moving target due to changing competitive environment. A clinicalutility index (CUI) analysis, which is a form of MAU analysis with a narrow focus on pharmaceutical application, helps assimilate this diverse array of information by weighing the tradeoffs appropriately and transparently (17, 18) .
Even though there have not been many publications regarding the internal quantitative decision-making tools from the industry, several reviews or case studies have recently been reported describing "go/no-go" or dose/regimen optimization decisions that have been made in early clinical phases of drug development on the basis of quantitative analyses. The selected examples range from dose/regimen selection (19, 20) , lead/backup compound prioritization in an insomnia program (21) to applications in oncology programs (19, 22) . In addition to application of MAU analysis in product development decisions that pharmaceutical companies make, even formulary committees have utilized such MAU decision analytics after product is marketed, to compare medication alternatives when numerous variables need to be considered in the decision-making process (23) . MAU analysis has also been shown to have value when evaluating a NME for advancing through preclinical stages through early clinical development when decisions are based on a combined analysis of the available preclinical and early clinical data (24) .
Adequate model-based risk assessment is a key component in risk/benefit analysis to properly weigh tradeoffs; however, this area remains challenging due to several reasons. Occurrence of safety/tolerability events do range from very rare to frequent, and oftentimes, concurrent severity data are not available or not considered in a quantifiable manner. Additionally, due to a lack of adequate data availability, large variability and complex modeling required, there are only a few examples in literature for safety data modeling (25) (26) (27) . Perhaps the most prominent safety data modeling is the PK/ PD modeling of the QTc interval prolongation (28, 29) due to some very high profile drug recalls from the market. Any efforts to model safety data in the early stages of development are further complicated by usually smaller sample size in a majority of phase I/II clinical trials. These limitations lead to larger uncertainty in assessing risks appropriately. Defining and quantifying a clinically relevant difference and assigning appropriate relative weights for every risk/benefit attribute is another challenging area.
Mathematically, the CUI can be expressed by the following equation:
where CUI is the total utility, an algebraic sum of utilities for each attribute, W is the weight, and U represents the utility function. The utility function can be elicited either as a linear scaling function as a response proportional to a clinically meaningful threshold effect or as a probability of the effect achieving a response above the same threshold. The potential advantage of the probabilistic utility function is that, in addition to the point estimate, it takes into account the precision of the estimate. Also, it provides the ability to compare candidate drugs across different indications with different efficacy and safety endpoints.
To undertake clinical utility analyses in a drug development program, the project team starts by identifying all the critical attributes important for decision making at a particular development stage, which may include, but is not limited to, biomarker responses or clinical outcomes that provide different measures of efficacy and safety, formulation feasibility, regimen selection, cost of goods, etc. CUI analysis is quite flexible to accommodate both continuous and categorical variables. A dose/exposure-response relationship is established, while considering and accounting for any dose level or baseline differences. Each attribute is then normalized by its clinically meaningful difference in order to make the drug-related changes comparable across different dynamic ranges. Depending on the stage of development and availability of data, external expert opinions and physician preferences for the product characteristics can also be incorporated in the CUI analyses. Based on all available data, the team faces the challenging task of achieving consensus on the relative importance of individual attributes and assigning the appropriate weights, which determine the relative contribution of each attribute toward the overall CUI estimation. The relative weights will also be influenced by the indication being targeted, e.g., some side effects may be more acceptable and thus have relatively lower weights in oncology programs, whereas they may be considered serious in another indication and get larger negative weights. In some cases, the weighting scheme may need to be more complex, such as, nonlinear or a step function over the entire pharmacodynamic range. This can help accommodate a variety of scenarios including but not limited to exaggerated pharmacology, minimum threshold pharmacology, and baseline-dependant weighting of the response. Finally, the sum of normalized, weighted factors as a function of dose (or concentration) provides the calculated CUI estimates assuming individual contributions are additive. In addition to estimating mean CUI values, a bootstrap analysis of the efficacy and safety data can provide a large set of parameters that can be used to estimate a distribution of CUI and thus enable us to estimate confidence intervals. These estimates with confidence intervals also allow the team to create probability distributions of CUI from two competing molecules, e.g., a lead and a backup in a program or a lead candidate against a marketed drug for quantitative product differentiation. Since a certain amount of subjectivity is involved in deciding on weights and clinically meaningful differences for each attribute, as an additional step to test assumptions, a sensitivity analysis can help determine attributes that have the most influence on CUI and need to be assigned with much careful consideration and may require refinement if more information becomes available. An advantage of the CUI analysis is that it lends itself to a seamless progressive assessment during the clinical development stages from early to late phases as more knowledge accumulates and endpoints or relative weights are readjusted.
In addition to the above-mentioned approach, the Bayesian approaches have also been used with Markov chain Monte Carlo methods to obtain credible intervals using posterior probabilities in drug development settings. These methodologies have been used to solve dose regimen optimization (33) or dose escalation decisions in a clinical trial using a Bayesian adaptive design paradigm (34). Graham et al. utilized a Bayesian hierarchical methodology to determine optimal dosing regimen that would maximize the posterior expected utility given the prior information on the model parameters and the patient response data. The utility function in this case was defined using clinical opinion on the satisfactory levels of efficacy and toxicity and then combined by weighting the relative importance of each pharmacodynamics response (33). Yin et al. used the Bayesian adaptive design for dose finding in phase I/II clinical trials where they incorporated the bivariate outcomes, toxicity and efficacy, of a new treatment. This was performed without specifying any parametric functional form for the drug-response curve and jointly modeling the bivariate binary data to account for the correlations between toxicity and efficacy attributes (34) .
Net clinical value concepts have been used in clinical practice for a long time in making treatment option decisions including surgical interventions; however, use of CUI in drug development decisions is relatively recent. As with any evolving area, there are currently many limitations and challenges for a broader and routine integration of such quantitative tools in common practice. These include a lack of general awareness and acceptability of these tools, challenges associated with determination and consensus on attributes, clinical meaningful differences and the weights and tight timelines not allowing sufficient time for conducting such analyses. Additionally, there have only been a small number of peer-reviewed published examples that highlight successful use of such measures to promote broader acceptance. We recognize that it is possible that such analytics are being used to some extent for internal decision making in pharmaceutical industry, but it is not a common knowledge due to the intention of pharmaceutical companies to keep their decision process confidential, and only a handful success stories get published giving us a biased view. Availability of adequate safety data is an additional challenge that is a critical factor in CUI assessment.
Willingness to accept innovative approaches in the process of decision making may require cultural changes in a company and may take time to evolve. However, for successful application of CUI analyses, agreement on using CUI analysis outcomes for a go/no-go decision based on a priori specifications closely tied to the targeted product profile is important before conducting the exercise. The usefulness of CUI as an internal decision-making tool in early development is becoming more clear; however, further clarity around acceptability of sponsor-driven late stage CUIbased product differentiation analyses by regulatory agencies will add value to integration of such analyses in drug development programs and would provide encouragement for routine usage from early to late stages. The recent trend toward a more model-based development environment and implementation of adequate pharmacometrics-enabling infrastructure (30) and a decision-making behavior shift (31) will likely support a broader incorporation of such decision analytic tools for routine use.
Although, CUI can provide an integrated quantitative framework for decision making, it is critical to consider at an early stage what the key factors are and how much information is going to be available at any given stage of development for such analyses. For a successful integration of CUI in the product development decision tree, it is necessary to ensure that adequate data will be available early in the development program to help focus on the optimal target product profile and in the late stage of development for dose/regimen optimization or product differentiation. In Fig. 2 , we present Fig. 2 . A schematic of the relative clinical utility assessment for decision making from early to late stages of development, incorporating expert clinical opinion with pharmaceutical development considerations a schematic of the framework for incorporation of such analyses in clinical programs, which incorporate criteria for CUI assessment based on attributes that are important from both patient and pharmaceutical development perspective and can be incorporated in clinical decision strategy from early to late stages of development. Early in the clinical development (phase I/II), potentially efficacy and toxicity criteria play the key role in molecule advancement decisions with larger uncertainty, as not all the factors are considered; however, during the late stage development, patient net benefit, product differentiation become more important in developing marketing strategies.
SUMMARY
In this report, we have reviewed a framework for the model-based assessment of therapeutic index in the early clinical development space. This recommendation is based on key assumptions:
& Efforts are underway within pharmaceutical organizations to increase scientific objectivity in drug development by reducing the "champion" syndrome-where internal experts are vested in the success of a drug and sometimes are not objective enough or tend to minimize or overlook the possible deficiencies of a given NME. This behavior has the potential to influence the assignments of weights and tradeoff and can undermine the utility of decision tools that are based on MAU approaches.
& Identifying the reference profile and determining the clinically important difference. Development teams in early clinical space often struggle with understanding the level of significance that could be deemed clinically relevant or important. For a utility analysis to be successfully implemented, a good understanding of the clinically important change is needed.
These assumptions are dependent on cognitive aspects of decision making, with individual and organizational behaviors influencing the level of utility of these approaches. It is therefore critical that organizations be sensitive to the level of training and education that are inherent in the application of these tools to real-time decision making. We remain optimistic that such tools, if successfully leveraged as aid to decision making, will achieve the overarching benefit of reducing uncertainty in risk/benefit in the continuing learn/confirm cycle of model-based drug development. As more such methods are implemented, the industry as a whole has a lot to gain through collective learning of best practices and engaging in well-informed decision making.
